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CIRCUIT ARRANGEMENT AND METHOD OF OPERATING THE SAME

- CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims the benefit of priority of SG application' No.
201304500-0 filed June 11, '2013, the contents of it being hereby incorporated by

reference in its entirety for all purposes.

TECHNICAL FIELD
[002] - Various aspects of this disclosure relate to circuit arrangements and
methods of operating the same.
BACKGROUND
[003] Voltage scaling has been used to reduce the power consumption of digital

and analog circuits. It has been found that minimal energy may be achieved when the
suppiy voltage is lowered to around or below the.threshold voltage of transistors.

[004] Future low power systems on chips (SOCs) are likely to include many
components or cores operating at sub-threshold voltages to super -threshold voltages.
The number of components or cores may be in huﬁdreds. This requires hundreds to
thousands of level shifters to be inserted between different power domains including
the cores and the input/output (I/O). The level shifters are required to conduct wide
ranging level shifting from sub-threshold up to IO voltage level with short delays and

low energy consumption.

SUMMARY
[005] In various embodiments, a circuit arrangement may be provided. The
circuit arrangementxmay include a level shifting stage configured to be coupled to-a

first reference voltage and a second reference voltage. The circuit arrangement may
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also include a first input electrode in electrical connection with the level shifting stage

for coupling a first input voltage. The ﬁrsf input voltage may be configured to switch
betweeﬁ a first logic state and a second logic stafé. The circuit‘ arrangement may
fufther include a second input electrode in electrical connection with the level shifting
stage for coupling a second input voltage. The second input voltage may be.
configured to switch betWeen the first logic state and the second logic‘vs'tate. The
circuit varrang‘ement may additionally include an output stage coupled to the level
' shiﬁing stage, thé output stage includihg an output node. The level shifting stage may
be configured to generate an output voltage above a predetermined output level at the
output node due to the first reference voltage when the first input voltage is in the first
logic state and the secoﬁd input voltage is in the second logic state. The level
_ shifting stage rriay be further conﬁgufed to generate the output voltage below the
predetermined output level at the output node due to the second reference voltége.
when the first input voltage is in the second logic state and the second input voltage is
in the first logiévstate. The circuit arrémgement may also include a feedback circuit
coupled to the output stage and the level shifting stage. The circuit arrangement may
additionally include a voltage stabilization circuit coupled to the level shifting stage.
The lével shifting stage may include a switching mechanism configured to cause an
internal current above a predetermined current level to flow through the level shifting
stage due to the first reference voltage and the second reference voltage when the
switching mechanism is activated. The switching mechanism may be bfurther
configured to at least reduce the internal current flowing through the level shifting
stage to below the_ predgtermined current level when the switching mechanism is
deactivated. The feedback circuit may include a feedback mechanism configured to be
déactivated when the output voltage is above the predetermined output level. The
feedback mechanism may be further configured to be activated when the output level
is below the predetermined output level. The switching mechanism may be configured

to be activated when the first input voltage is in the first logic state and when the
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feedback mechanism is activated. The switching mechanism may be furt'her‘
configured to be deactivated when the first input voltage is in the first logic state and
when the feedback mechanism is deactivated. The voltage stabilization circuit may be
configured to maintain the output voltage at above the predetermined output level
when the internal current flowing through the levellshiﬁing stage is reduced.

[006] In various embodiments, a method of operating a circuit arrangement may
be provided. The method may include coupling a level shifting stage to a first reference
voltage and a second reference voltage. The method may also include coupling a first
input voltage to é first input electrode in electrical connection with the level shifting
stage. The first input voltage may be configured to switch between a first logic state and
a second logic state. The method may further include coupling a second 'input voltage to-
a second input electrode in electrical connection with the level sh_ifting’ stage. The
second input voltage may be configured to switch between the first logic state and the
second logic state. The level shifting stage may be coupled to an output stage. The
output stage may include an output node. The level shifting stage may be configured to
generate an output voltage above a predetermined eutput level at the output node due to
the first reference voltage when the first input voltage is in the first legic state and the
second input voltage is in the second logic state. The level shifting stage may be further
configured to generate the output voltage below the predetermined output level at the
output node due to the second reference voltage when the first input voltage is in the
“second logic state and the second input voltage is in the first logic state. A feedback
circuit may be coupled to the. output stage and the level shiftjng stage. A voltage
stabilization circuit may be coupled to the level shifting stage. The level shifting stage
may include a switching mechanism configured to cause an internal current above a
predetermined current level to flow through the level shifting stage due to the first
reference voltage and the second reference voltage when the switching mechanism is
activated. The switching mechanism may be further configured to at least reduce the

internal current flowing through the level shifting stage to below the predetermined
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current level when the switching mechanism is deactivated. The feedback circuit may
include a feedback mechanism configured to be deactivated when the output voltage is
above the predetermined output level and the feedback mechanism is further
configured to be activated when the output level is below the predetefmined output
level. The switching mechanism may be configured to be activated wh_en the first input
voltage is in the first logic state and when the feedback mechanism is activated. The
switching mechanism may be further configured to be deactivated when the first input
voltagé is in the first logic state and when the feedback mechanism is deactivated.- The
voltage stabilization circuit may be configured to maintain the output voltage at above
the predetermined output level when the internal current flowing through the level

shifting stage is reduced.

BRIEF DESCRIPTION OF THE DRAWINGS
[007] The invention will be better understood with reference to the detailed’
description when considered in conjunction with the non-limiting examples and the
accompanying drawings, in which: |
FIG. 1A shows a schematic of a level shifter based on the cross-coupled p-channel
metal oxide field effect semiconductor (PMOS) transistors configuration.
FIG. 1B shows a schematic of a level shifter based on the current -mirror
configuration.
FIG. 2 shows a schematic of a level shifter.
FIG. 3 shows a schematic of a level shifter.
FIG. 4 shows a schematic of a level shifter.
FIG. 5 shows a schematic of a level shifter.
FIG. 6 shows a schematic of a level shifter.
FIG. 7 shows a schematic of a level shifter.
FIG. 8 is a schematic illustrating a circuit arrangement according to various

embodiments.
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FIG. 9 is a schematic illustrating a circuit arrangement according to various |
embodiments.

FIG. 10 is a graph showing the transient behaviour of the circuit arrahgement llustrated
in FIG. 9 according to various embodiments and the level shifter illustrated in FIG. 4.
FIG. 11 ié a graph showing the fall transition of the circuit arrangement illustrated in
FIG. 9 according to various embodiments and the level shifter illustrated in FIG. 4 at
the internal output nodes. |

FIG. 12 is atable shdwing simulation results of the delay and energy comparison of the
circuit arrangement illustrated in FIG. 9 according to various embodiments and the
level shifter illustrated in FIG. 4 at different VDD.

FIG. 13 is a table comparing simulation results of the circuit arrangement illustrated in
FIG. 9 according to various embodiments with the level shifters shown in FIGS. 3,4, 6
and 7.

. FIG. 14 shows a schematic illustrating a method of oper_ating a circuit arrangement.

DETAILED DESCRIPTION
[008] The following detailed description refers to the accompanying drawings
that show, by way of illustration, specific details and embodiments in which the
invention may be practiced. These embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention. Other embodiments may be
utilized and structural, and logical changes may be made without departing from the
scope of the ihvention. The various embodiments are not necessarily mutually
exclusive, as some embodiments can be combined with one or more other
embodiments to form new embodiments.
[009] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of examples and not
limitations, and with reference to the figures.

[010] In various embodiments, a "circuit" may be understood as any kind of a
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logic implementing entity, which may be special purpose circuitry or a processor
executing software stored in a memory, firmware, or any corhbination thereof. Thus,
in various embodimenfs, a "circuit" may be a hard-wired logic circuit or a -
programmable logic circuit such as a programmable processor, e.g. a microprocessor
(e.g. a Complex Instruction Set Computer (CISC) processor or a Reduced Instruction
Set Computer (RISC) processor). A "circuit" may also be a processor execuiing
software, e.g. any kind of computer progfa_m, €.g. a computer program using a virtual
machine code such és e.g. Java. Any other kind of implementation of the respective
functions which will be described in more detail below may also be understood as a
"circuit" in accordance with an alternative embodiment.

[011] FIGS. 1A and 1B show schematics two level shifters for super-threshold
operations. FIG. 1A shows a schematic 100a of a level shifter based on the
cross-coupled p-chanhel metal oxide field effect semiconductor (PMOS) transistors
configuration. The level shifters include two n-channel metal oxide field effect
semiconductor (NMOS) transistors 102, 104 and two p-channel metal oxide field
effect semiconductor (PMOS) transistors 106, 108. The gate electrodes of the PMOS
transistors 106, 108 are coupled to the drain electrode of the NMOS transistors 104,
102 respectively. An input voltage Viewin may be applied to node 110. Node 110 is
coupled to the gate electrode of transistor 102. An input inverter 112 (power by |
vcltage Viow) is used to convert the input voltage to generate an inverted input voltage
at the gate electrode of transistor 104. The drain electrodes of transistors 106, 108 are
coupled to supply voltage Vpp. An output inverter 114 may be used to electrically
connect the drain electrode of transistor 102 to output node 116. When the voltage
Viow,in 18 applied to node 110, an output voltage about Vpp may be generated at output
inode 116. Conversely, when a voltage of about 0 V is applied to node 110, an output
voltage about 0V may be generated at output node 116.

[012] This structure works well for input voltages well above threshold voltages.

When the input voltage decreases to threshold levels, transistors 102 or 104 are nearly
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turned off. The pull down current is unable to overcome the pull up current and the

level shifter may fail to flip. In other words, the strength of the NMOS transistors 102,
104 may fail to overcome the PMCS that is connectéd to nominal voltage so the
output fails to flip. An intuitive solution is to increase the sizes of transistors 102 and
104. However, this is impractical because when the input voltages applied to
transistors 102 or 104, trahsistors 102 and/or 104 conduct niainly sub;threshold
currents which are several times smaller than the sﬁper-threshold currents flowing
through transistors 106 and/or 108. For example, simulation shows that .at 90 nm,
transistors 102 and 104 have to be sized 2000 times larger than transistors 106 and
108 for the circuit to operate in the sub-threshold region.

[013] FIG. 1B shows a schematic 100b of a level shifter based on the current
mirror configuration. The level shifter uses current-mirror to achieve fast level
shiﬂing for ultra-low input voltages. NMOS transistors 122, 124 and PMOS
transistors .126,. 128 are connected to form a current mirror. An input voltage may be
applied at node 130. An input inverter 132 is used to generate an inverted input
voltage frdm the input voltége. An output node 136 may be connected to the drain of
transistor 124 to generate an output voltage. When the input voltage is high, there is
current flowing through transistors 122, 126. An amplified current flows through
transistors 124, 1.28 and charge the output node 136 to high (e.g. ‘close to supply
voltage VDD). When the input voltage is low, the current mirror is disabied and the
output is discharged to low (e.g. close to ground). While the level shifter based on the
current mirror configuration can operate at a lower supply voltage, there is a constant
static current flowing through transistors 122, 126 when the output voltage is high,
which results in a large standby leakage power consumption.

[014] FIG. 2 shows a schematic 200 of a level shifter. The level shifter includes
NMOS transistors 202, 204, 206, 208,~ 210, 212 and 214, PMOS transistors 216, 218,
220, 222, 224, 226, 228, 230, 232, 234 as well as inverters 236, 238. The lével shifter
includes a reduced swing inverter (RSI) 240 (including transistors 212, 214, 230, 232,



WO 2014/200429 PCT/SG2014/000257

8
234) to achieve the pull-up path to achieve fast transition without heavily upsizing the

pull doWn transistors. However, this structure uses more than 20 transistors which
increase its area overhead and sensitiveness to process variation. Another drawback is
that the prdpagation delay does not scale with voltage very well since the pull-up
transistors are constantly weakened.
[015] FIG. 3 shows a schematic 300 of a level shifter. The level shifter includes a
first stage having NMOS transistors 302, 304 and PMOS transistors 306, 308. A
diode connected PMOS transistor 310 acting as a load is used to weaken the pull-up
path. The level shifter further includes a second stage cascaded with the first stage to
achieve full swing of voltage. The second stage includes NMOS trénsistors 312,314
and PMOS transistors 316, 318. The propagation of this level shifter does not scale
very well with voltage especially whén the supply voltage is raised above the
‘threshold voltage since the drop across PMOS transistor 310 is nearly constant. As
such, this level shifter may not be suitable for applications which require dynamic
voltage scaling (DVS). Also, the level shifter may suffer from asymmetric rise and
fall delay caused by the input inverter 320, especially at ultra low voltages due to the
reduced conductance of the cross-coupled PMOS.
[016] FIG. 4 shows a schematic 400 of ba level shifter. The level shifter may
include an inverter 402 and a modified current mirror level shiﬁer stage. The
modified current mirror level shifter stage may include NMOS transistors 410, 412 as
well as PMOS traﬁsistors 414, 416, 418. The level shifter may also include an output
stage coupled to the modified current mirror level shifter stage. The output buffer
stage may include inverters 404, 406. The NMOS transistors 410, 412 as well as
- PMOS transistors 414, 416, 418 form a Wilson current mirror. The level shifter uses
feedback control (i.e. transistor 414) to disable the static current path through
transistors 410, 416 to reduce the standby leakage current. However, disabling the
static current path causes a Voltage drop at the output when the output voltage is high

due to the reduced mirror current. The variation of output voltage in turn corrects the
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mirror current through transistor 414. However, the correction is small because the
voltage difference across the gate and source of the feedback transistor 414 is small.
. The output' of the current.mirror may finally stabilize at a voltage beléw VDD. This
creates another static current path in the subsequent output buffer stage and high
standby leakage. Upsizing transistors 414, 418 may reduce the voltage drop but may
increase the delay and power consumption significantly, especially fof 1 — 0.
transition. Another drawback observed’ is for 1 — O transition, transistor 414 is
turned o‘n which causes charge sharing from the drain of transistor 416 to node Vi.
This may lead to a sudden drop at the drain of transistor 416 and a substantial increase
in delay and energy for the 1 — 0 transition.

[017] FIG. 5 shows a schematic 500 of a level shifter. The level shifter includes a
level shifter stage including NMOS transistors 502, 504 and PMOS transistors .506,
508 arranged in the cross-coupled PMOS configuration. The level shifter further.
includes input inverters 510, 512. The level shifter further inéludes a substrafe bias
circuit 514 and é comparator 516 to apply forward body bias to the pull-down
transistors 506, 508 fbr reducing propagation delays during transitions and apply
reverse body-bias to reduce standby leakage out of transitions. However, this requires
triple well technology and large area overhead caused by well separation, body
. bias-control and output detection. In addition, forward body-bias itself consumes
leakage power.

[018] The circuit arrangements illustrated in FIGS. 2 — 5 may be able to shift
sub-threshold voltage level to nominal (core) voltage level, but not to the IO voltage
level. One of the challenges to shift to the IO level is that components which are able
to tolerate IO voltages typically have higher V than the nominal voltage components.
Using them Wili degrade the performance of the level shifter. Another challenge is
that, compared to shifting to core voltage level, the gap between the input VDD and

output VDD is larger, making the level shifting more difficult.
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[019] - FIG. 6 shows a schematic 600 of a level shifter. The level shifter may

includes a level shifting stage including tranéistors 602, 604, 606, 608, 610, 612, 614,
616, 618, 620, 622, 624, 626, 626, 628, inverters 630, 632 and a biasing circuit 634
ihcluding a diode chain. The diode chain includes a plurality of transistors configured
as diodes. The level shifter illustrated in FIG. 6 applies a pulse control strategy to
avoid conte_rition and uses zero-threhold voltage (Vi) components with fast standard
threshold voltage (SVy) full-down components to achieve fast level shifting and 10
Voltage tolerance. As a result, the level shifter is able to shift from sub-threshold up to
I0 voltage level with small delay and power consumptlon However, the level shifter
uses more than 30 tran51stors leading to large area.

[020] FIG. 7 shows a schematic 700 of a level shifter. The level shifter may
include a logic error conversion circuit (LECC) including transistors 702, 704, 706,
708, 710, 712, 714. The level shifter may further include a level conversion circuit
including transistors 716, 718, 720, 722, 724, 726, 728. The level shifter may also
include an inverter 730 coupled to the LECC and the level conversion circuit. The
level shiﬁer combines comparator and current mirror structure to eliminate the static
current to reduce the leakage power. The level shifter uses 3.3 V devices so it is able
to shift up to IO voltage level. However, the two-stage operation structure causes
relatively large delay compared to single-stage. In addition, the dynamic power is
increased due to the use of comparator.

[021] FIG. 8 is a schematic 800 illustrating a circuit arrangement according to
various embodiments.

[022] In various embodiments, a circuit arrangement may be provided. The
circuit arrangement may include a level shifting stage 802 configured to be coupled to
a first reference voltage (Vren) and a second reference voltage (Vger). The circuit
arrangement may also include a first input electrode 804 in electrical connection with
the level shifting stage 802 for coupling. a first input voltage (V). The first input

voltage may be configured to switch between a first logic state and a second logic
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- state. The circuit arrangement may further include a second input electrode 806 in

electrical connection with the level shifting stage 802 for coupling a second input
voltage (Vz).. The second input voltage may be configured to switch betweeﬁ the first
logic state and the second logic state. The circuit arrangement may additionally
include‘ an output stage 808 coupled to the level shifting stage 802, the output stage
808 including an output node 810. The level shifting stage 802 may be configured to
generate an output voltage (Vo) above a prédetermined output level at the output
node 8'10 due to the first reference voltage when the first input voltage is in the first
- logic state and the second input voltage is in the second logic state. The level
shifting stage 802 may be further configured to generate the output voltage below the
predetermined output levei at the output node 810 due to the second reference voltage
when the first input voltage is in the second logic state and the second input voltage is.
in the first logic state. The circuit arrangement may also include a feedback circuit
812 coupled to the output stage 808 and the level shifting stage 802. The circuit
arrangement may additionally include a voltage stabilizatioﬁ circuif 814 coupled to
the level shifting stage 802. The level shifting stage 802 may include a switching
mechanism 816 configured to cause an internal current above a predetermined current
level to flow -through the level shifting stage 802 due to the first reference voltage and
the second reference voltage when the switching mechanism 816 is activated. The
switching mechanism 816 may be further configured to at least reduce the intéfnal
current flowing through the level shifting stage to below the predetermined current
level when the switching ﬁlechanism 816 is deactivated. The feedback circuit may
include a feedback mechanism 818 configured to be deactivated when the output
voltage is above the predetermined outbut level. The feedback mechanisrﬁ 818 may
be further configured to be activated when the output level is below the predetermined
output level. The switching mechanism 816 may be configured to be activated when
the first input voltége is in the first logic state and when the feedback mechanism is

activated. The switching mechanism may be further configured to be deactivated
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when the first input voltage is in the first logic state and when the feedback

mechanism is deactivated. The voltage stabilization circuit 814 may be configured to
maintain the output voltage at above the predetermined- output level when the internal-
current ﬂdwing through the level shifting stage 802 is reduced.

[023] In other Words, the circuit arfangement may include a level shifting stage
802 and an oufput stage 808 in electrical connection with the level shifting stage. The
level shifting stage 802 may be‘ in electrical connection with a first input electrode 804
and a second input electrode 806. The level shifting stage 802 may be configured so
that when a first input voltage applied to the first input electrode 804 is at a first logic
state and a second input voltage applied to the second input electrode 806 is at a
second logic state, an output voltage having a level close to the first reference voita_ge
is generated at an output node 810 of the output stage 808. Conversely, the level
shifﬁng stage 802 may be configured so that the output voltage at output node 8§10 is
at a level close to»the second reference voltage when the first input voltage is at‘ the
second logic state and the second input voltage is at a first logic state. The circuit
‘arrangement may further include a feedback circuit 812 in electrical connection with
the output stage 808 and the level shifting stage 802. The circuit arrangement may
also include a voltage stabilization circuit 814 in electrical connection with the level
shifting stage 802. The level shifting stage 802 may include a switching mechanism
816, the switching mechanism 816 configured when activated to allow an internal
currént above a predetermined level to flow and when deactivated reduces the internal
current to below the predetermined level. The feedback circuit 812 may include a
feedback mechanism 818. The feedback mechanism 818 may be further configured to
be activated when the output level is below the predetermined output level. The
switching mechanism 816 may be configured to be activated when the first input
voltage is in the first logic state and when the feedback mechanism 818 is activated.
The switching mechanism 816 may be further configured to be deactivated when the

~ first input voltage is in the first logic state and when the feedback mechanism 818 is



WO 2014/200429 - PCT/SG2014/000257

3
deactivated. The voltage stabilization circuit 814 may be configured to maintain the

output voltage at above the predetermined output level when the internal current
flowing through the level shifting stage 802 is reduced.

[024] When a transistor is “deactivated” or “turn off’, no current or an
insubstantial subthreshold current may flow between the ﬁrs‘t controlled electrode and
‘the second controlled electrode of the transistor. When a transistor is “activated” or
“turned on”, a substantial current greater than the subthreshold current may flow
between the first clontrolled electrode and the second controlled electrode.

[025] When a mechanism is “deactivated” or “turned off”, no current or an.
insubstantial current, e.g. a subthreshold current, may flow through a portion. When
the mechanism is “activated” or “turned on”, a substantiai current, e.g. a current
greater than the subthreshold current, may flow through the portion.

[026] The first reference voltage may be higher than the second reference
voltage. The first reference voltage may be VDD. The second reference voltage may
be ground. The output voltage at the output node 8 10 may be above the predetermined
output level due to the first reference voltage may mean that the output voltage is
above the predetermined output level as a result of the output node being electrically
connected to the first reference voltage due to one or more switches or transistors.
being activated and/or one or more further switches or further transistors being
deactivated. Correspondingly, the output node at the output node 810 may be below
the predetermined output level due to the second reference voltage may mean that the
output voltage is below the predetermined output level as a result of the output node
being electrically connected to the second reference voltage due to one or more
switches or transistors being activated and/or one or more further switches or further
transistors being deactivated.

[027] The internal current above a predetermined current level flowing through
the level shifting stage 802 due to the first reference volfage and the éecond referehce

voltage may mean that the potential difference between the first reference voltage and
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the second referehce voltage directly 6r indirectly‘ generates the internal current
haviﬁg a level above the predetermined current level to flow through the level shifting
stage 802. The current may be generated directly due to the potential difference
between the first and second reference voltages or indirectly due to voltages at
internal nodes, the voltages at the internal nodes caused by the reference voltage. The |
current may also be generated in»directly due to a voltage at an internal node and one
of the first reference voltage and the second reference voltage, the voltage at the
internal node caused by the other reference voltage. For instance, is the current is
generated due to a voltage at an internal node and a first reference voltage, the voltage
at the internal node may be caused by the second reference voltage.

- [028] In various embodiments, the first controlled electrode of a transistor may
refer to the drain electrode and the second controlled electrode of the transistor may
refer to the source electrode. In various alternate embodiments, the first controlled
electrode of a transistor may refer to the source electrode and the second contrdlled
electrode of the transistor may refer to the drain electrode. The control electrode of a
transistor may refer to a gate electrode.

[029] In various embodiments, a transistor may be a metal oxide semiconductor
field effect transistor (MOSFET). However, the transistor may also be another type of
transistors such as a bipolar junction transistor (BJT). |

[030] In varibus embodiments, the switching mechanism 816 may be configured
when activated to generate the output vbltage above the predetermined output level at
the output node 810.

[031] The switching ‘mechanism 816 may be activated when the ﬁrst- input
voltage is in the first logic state, the second input voltage is in the second logic state,
and the feedback mechanism is activated.

[032] The switching mcc'hanism'816 may be deactivated when the first input
voltage is in the second logic state énd the second input voltage is in the first logic

state. The switching mechanism 816 may be deactivated when the first input voltage
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is in the first logic state and the second input voltage is in the second logic state but
the feedback mechanism 818 is deactivated.
[033] The circuit arrangement may further include an input inverter having an
input terminal and an output terminal, the input terminal coupled to the first input
electrode 804 and the output terminal coupled to the second input electrode 806.
[034] The level shifting stage 802 may include a first pull-up sub-circuit; a
second pull-up sub-circuit coupled to the first pull-up sub-circuit; a first pull-down
sub-circuit coupled to the first pull-sup sub-circuit; and a second pull-down
sub-circuit coupled to the second pull-up sub-circuit.
[035] In various embodiments, the first pull-down sub-circuit may include a first
pull-down high-threshold voltage transistor. The first pull-doWn sub-circuit may also
include a first pull-down low-threshold voltage transistor coupled to the first
high-threshold voltage transistor. The second pull-down sub-circuit may include a
. second pull-down high-threshold voltage transistor. The second pull-down sub-circuit
may also include a second pull-down Jow-threshold voltage transistor coupled to the
:ﬁrst high-threshold voltage transistor. |
[036] The level shifting stage may include mixed threshold voltage (Vt)
components to tolerate the IO voltage while maintaining performance. In various
embodiments, the first input voltage and the second input voltage may be
sub-threshold voltages. For instance, the first input-voltage and the second input
voltage may be any value in the range of 0.2 to 0.5 V, é.g. 0.3 to 0.4 V. The first
reference voltage é.nd/or the second reference voltage may be I/O voltages. For
instance, the first reference voltage may be any value in the range of2to 4 V, e.g. 2 to
33V,e.g 3.0V. The second reference Vbltage may be at ground (0 V). In various
alternate embodiments, the first reference voltage may be at ground and the second
reférence Qoltage may be any value in the range 0f2t0 4 V,e.g. 21033V, eg. 3.0 V.
The output voltage may thus be a I/O voltage.

[037] In various alternate embodiments, the first reference voltage and/or the
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secdnd reference voltage may be core voltages. One or both of the first ‘reference
voltage and the second reference voltage may bé any value in the raﬁge 0of 0.6 Vto2
'V, eg. 0.6 Vto 1.8 V, e.g. 1.2 V. The output voltage may be a core voltage. The input
voltages, i.e. the first and second input voltages may be sub-threshold voltages. In
- various embodiments, circuit arrangements configured to shift sub-threshold voltages
to core voltages may not require mixed threshold voltage components or transistors
The circuit arrangement may include low-threshold voltage transistors. |

[038] In various embodiments, the first pull-down high-threshold voltage
transistor and/or the second pull-down high threshold voltage transistor may have a
threshold voltage of any value in the range of 3 to 3.5 V, e.g. 3.3 V. The first
pull-down low-threshold voltage transistor and/or the second pull-down low threshold
voltage transistor may have a threshold voltage of any value in the range of 1.5 to 2
V,e.g. 1.‘8 V. |

[039] In various embodiments, the first pull-down high-threshold voltage
transistor may include a control electrode, a first controlled electrode and a second |
controlled - electrode. In various embodiments, the first pull-down low-threshoid
voltage transistor may include a control electrode, a first controlled electrode and a
second controlled electrode.

[040] In various embodiments, the second pull-down high-threshold voltage
transistor may include a control electrode, aiﬁrst controlled electrode and a second
controlled electrode. In various embodiments, the second pull-down low-threshold
voltage transistor may include a control elAectrode, a first controlled electrode and a
second controlled electrode.

[041]  The second controlled electrode of the first pull-down high-threshold
voltage transistor may be coupled to the first controlled electrode of the first
pull-down low-threshold voltage transistor. The second controlled electrode of the
second pull-down high-threshold voltage transistor may.be coupled to the first

controlled electrode of the second pull-down low-threshold voltage transistor. The
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first input electrode may be coupled to the control electrode of the first pull-down

high-threshold voltage transistor and the control electrode of the first pull-down
low-threshold voltage transistor. The second ihput electrode may be coupled to the
control electrode of the second pull-down high-threshold voltage transistor and the
control electrode of the second bull-down low-threshold voltage transistor.

[042] In various embodiments, the first bull-up sub-circuit may include a first
puH-up high-threshold voltage transistor having a control electrode, a first controlled
electrode and a second controlled el.ectrode. The second pull-up sub-circuit ‘may
include a second pull-up high-threshold voltage transistor having a control electrode,
a first controlled electrode and a second controlled electrode. The first pull-up
high-threshold voltage transistor and/or the second pull-up high threshold voltage
transistor may have a threshold voltage of any value in the range of 3 to 3.5 V, e.g.
3.3V.

[043] In various embodiments, the pull-up transistors, e.g. the first pull-up
high-threshold voltage transistor and the second pull-up high-threshold voltage
transistor may be p-channel metal oxide semiconductor (PMOS) transistors. The
pull-down transistors, e.g. the first pull-down high-threshold voltage transistor, the
secoﬁd puil-down high-threshold voltage transistor, the first pull-down low-threshold
voltage transistor, the second pull-down low-threshold voltage transistor may be
n-channel metal oxide semiconductor (NMOS) transistors. In various alternate
embodiments, the pull-up transistors may be NMOS transistors and>the pull-down
transistors may be PMOS transistors.

[044] In various embodiments, the control electrode of the first pull-up
high-threshold voltage transistor may be coupled to the control electrode of the
- second pull-up high-threshold voltage traﬁsistor. The first controlled electrode of the
first pull-up high-threshold voltage transistor may be coupled to the first controlled
“electrode of the first pull-down high-threshold voltage transistor. The first controlled

electrode of the second pull-up high-thréshold vdltage transistor may be coupled to



WO 2014/200429 PCT/SG2014/000257

18
the first controlled electrode of the second pull-down high-threshold voltage transistor

and the output stage. The second controlled - electrode of the first pull-up
~ high-threshold i/oltage transistor and the second controlled electrode of the second
pull-up high-threshold voltage may be configured to be coupled to the ﬁrst reference
voltage.

[045] In various embodiments, the first controlled electrode of the first pull-up
high—threshola voltage transistor may be coupled to the control electrode of the first
pull-up high-threshold voltage transistor. In various embodiments, the level shifting
stége 802 may include a current mirror. In various embodiments, the pull-up
transistors and the pull-down transistors may be arranged in the current mirror
configuration.

[046] In various embodiments, the feedback circuit 812 may include a feedback
transistor having a control electrode, a first controlled electrode and a second
controlled electrode. The feedback mechanism 818 may include the feedback
transistor. The feedback mechanism 818 may be configured to be activated by
activating the feedback transistor. _

[047] The first controlled electrode of the feedback transistor may be couplgd to
.the second controlled electrode of the first pull-down low-threshold voltage transistor.
The second controlled electrode of the feedback transistor and the second controlled
electrode of the second pull-down lbw-threshold voltage transistor may be cdnﬁgurevd‘
to be coupled to the second reference voltage. The control electrode of the feedback
transistor may be coupled to the output stage.

[048] The switching mechanism 816 may include the first pull-down
low-threshold voltage transistor, the first pull-down high-threshold voltage transistor
and the feedback transistor. The first pull-down low threshold voltage transistor, the
first pull-down high-threshold voltage transistor and the feedback transistor may be
sequentially coupled. The first pull-down low-threshold voltage transistor and the first

pull-down high-threshold voltage transistor may be configured to be activated to
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allow the internal current flowing through the first pull-down low-threshold voltage

transistor, the first pull-down high-threshold voltage transistor and the feedback
transistor to be above the predetermined current level when the first input voltage
having a first logic state is applied to the input electrode.

[049] The feedback transistor may be configured to be deactivated to at least
reduce the internal current flowing through the first pull-dbwn low-threshdld voltage
transistor, the first pull-down high-threshold voltage transistor and the feedback
transistor to below the predetermined current level when the output voltage is above
the predetermined output‘ level.

[050] In various embodiments, the feedback mechanism 818 may be coupled or
may overlap or may be part of the switching mechanism 816. The feedback
mechanism 818 may be configured to override the switching mechanism 816 or
remaining switching mechanism 816 (i.e. the first pull-down low-threshold voltage
transistor and the first pull-down high-threshold voltage transistor) to reduce the
internal current. Even when the first pull-'dow‘n low-threshold voltage transistor and
the first pull-down high-threshold voltage transistor are activated to allow internal
current above the predetermined level to pass through, the deactivation of the
feedback transistor may reduce the internal current to below the predetermined level.
{051] The output stage 808 may include a first output inverter having an input
terminal and an output terminal. The output stage 808 may further include a second
output inverter having an input terminal and an output terminal. The input terminal of
the first output inverter may be coupled to the first controlled electrodei of the second
pull-up high threshold voltage transistor and the first controlled electrode of the
second pull-down high threshold voltage transistor. The output terminal of the first
output inverter may be coupled to the input terminal of the second inverter and the
control electrode of the feedback transistor. The output terminal of the second output
inverter maybe coupled.to the output node 810.

[052] The feedback transistor may be configured to be deactivated by a voltage at



WO 2014/200429 PCT/SG2014/000257

20
the output terminal of the first output inverter when the output voltage is above the
predetermined output level.
[0‘53] In various embodiments, the voltage stabilization circuit 8§14 may include a
switch transistor having a control electrode, a first controlled electrode and a second
controlled electrode. The voltage stabilization( circuit 814 may further include a
biasing circuit comprising one or more sequentially coupled biasing eleménts, the
biasing circuit having a first end coupled to the switching transistor and a second end
coupled to the control electrode of the first pull-up high threshold voltage transistor -
and the control electrode of the second pull-up hi gh threshold voltage transistor.
[054] The control electrode of the switch transistor may be coupled to the first
input electrode. The first controlled electrode of the switch transistor may be coupled
to the biasing circuit. The second controlled electrode of the switch transistor may be
coupled to the second reference voltage. The swifch transistor may be configured to
be activated when the first input voltage is in the first logic state. |
[055] The one or more sequentially biasing elements may include a biasing
transistor at the second end of the biasing circuit. The biasing transistor may include a
control electrode, a first controlled electrode and a second controlled electrode. The
control electrode of the biasing transistor may be coupled to a first controlled
electrode of the biasing transistor. The biasing transistor may be conﬁgﬁred as a
diode. The control electrode of the biasing transistor may be further coupled to the
control electrode of the first pull-up high-threshold voltage transistor and the control
electrode of the second pull-up high-threshold voltage transistor. |
[056] The biasing transistor may be configured to be at least be partially activated
when the reduction of the internal current causes a voltage at the control electrode of
the first pull-up high-threshold voltage transistor and the control electrode of the
second pull-up high-threshold voltage transistor to fall outside a predetermined range
from the second reference voltage, so that the voltage at the control electrode of the

first plill-up high-threshold voltage transistor and the control electrode of the second



WO 2014/200429 PCT/SG2014/000257

21
pull-up high-threshold voltage transistor is maintained at a predefined voltage (or

pfedeﬁned range of voltages) or shifted to be within the predetermined range from the
second reference voltage. When the internal current is reduced, the voltage at the
control electrodes of the pull-up transistors may no longer be within a predetermined
ranged from the second reference voltagé. The biasing transistor may be configured
such that the biasing transistor is at least partially activated to allow a biasing current
to flow through and/or to allow the voltage at the control electrodes of the pulll-up
transistors to be maintained at a predefined letage or range of voltages. The pull-up
transistors may be sufficiently activated to maintain the output voltage at above the
predetermined level due to the voltage stabilization circuit §14.

[057] FIG. 9 is a schematic 900 illustrating a circuit arrangement according to
various embodiments. |

[058] In various embodiments, a circuit arrangement may be provided. The
circuit arrangement may include a level shifting stage 902 configured to be coupled to
a first reference voltage (indicated in FIG. 9 as VDD) and a second reference voltage
(indicated in FIG. 9 as ground). The circuit arrangement may also include a first input
electrode 904 in electrical connection with the level shifting stage 902 for coupling a
first input voltage (Vin). The first input voltage may be configured to switch between
a first logic state and a‘second logic state. The circuit arrangement may further
include a second input electrode 906 in electric.al connection with the level shifting
stage 902 for coupling a second input voltage (Vin_wvv). The second input voltage may
be configured to switch between the first logic state and the second logic state. The
circuit arrangement may additionally include an output stage 908 coupled to the level
shifting stage 902, the output stage 908 including an output node 910. The level
shifting stage 902 may be configured to generate an output voltage (Vout) above a
predetermined output level at the output node 910 due to the first reference voltage
when the first input voltage is in the first logic state and the second input voltage is in

the second logic state. The level shifting stage 902 may be further configured to
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generate the output voltage below the predetermined output level at the output node

910 due to the second reference voltage when the first input voltage is in the second
logic state and the second input voltage is in the first logic state. The circuit
arrangement may also include a feedback circuit 912 coupled to the output stage 908
and the level shifting stage 902. The circuit arrangement may additionally include a
voltage stabilization circuit 914 éoupled to the level shifting stage 902. The level
shifting stage 902 may include a switchirig mechanism 916 configured to cause an
internal current above a predetermined current >1.evel to flow through the level shifting
stage 902 due to the first reference voltage and the second reference voltage when the
switching mechanism 916 is activated. The switching mechanism 916 may be further
configured to at least reduce the internal current flowing through the level shifting
stage to below the predetermined current level when the switching mechanism 916 is
deactivated. The feedback circuit 912 may include a feedback mechanism configured
to be deactivated when the outpht voltage is above the predetermined output level.
The feedback mechanism may be further configured to be activated when the output
level is below the predetermined output level. The switching mechanism 916 may be
configured to be activated when the first input voltage is in thevﬁrst logic state and
when the feedback mechanism is activated. The switching mechanism 916 may be
further configured to be deactivated when the first input voltage is in the first logic
state and when the feedback mechanism is deactivated. The voltage stabilization
circuit 914 may be configured to maintain the output voltage at above the_
predetermined output level when the internal current flowing through the level
shifting stage 902 is reduced.

[059] Various embodiments may provide a fast and energy-efficient level shifter
with wide shifting range from sub-threshold to IO voltage levels or core voltage
levels.

[060] While the first reference voltage is labeled as VDD and the second

reference voltage is labeled as ground in FIG. 9, any suitable voltages may be used as
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~ the first and second reference voltages. Thev first and second reference voltages may
be /O voltages or core voltages. In various alternate embodiments, the second
reference voltage may be VDD and the first reference voltage may be ground. -

[061] In various embodiments, the level shifting stage 902 may include a current
mirror. Advantageously, the circuit arrangement may benefit from short delay and
smail area. The feedback mechanism (alternatively referred to as a feedback control)
may be used to eliminate statfc current. The voltage stabilization circuit 914 may
include an input-controlled diode chain used to prevent output drop as observed in the
level shifter illustrated in FIG. 4.

[062] In various embodiments, the circuit arrangement may include an input
inverter 920 in electrical connection with the first input electrode 904 and the second
input electrode 906. The first input electrode 904 may be in electrical connection with
an input terminal of the input inverter 920 and the second input electrode 906 may be
in electrical connection with an output terminal of the input inverter 920. The input
inverter 920 may be configured to invert the first input voltage to generate the second
input voltage so that when the first input voltage is at a first logic state, the second -
input voltage is at a second logic state different from the first logic state. The first
input voltage may have a logic state different from the second input voltage at steady
state.

[063] In various embodiments, the switching mechanism 916 may be configured
when activated to generate the output voltage above the predeterminéd output level at
the output node 910. The switching mechanism 916 may be configured when
deactivated to generate the output voltage below the predetermined output level at the:
output node 910.

[064] The switching mechanism 916 may be activated when the first input
voltage is in the first logic state, the second input voltage is in the second logic state,
and the feedback mechanism is activated.

[065] The switching‘mechanism 916 may be deactivated when the first input
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voltage is in the second logic state and the second input voltage is in the first logic
state. The switching mechanism 916 may be deactivated when the first input voltage
is in the first logic state and the second input voltage is in the second logic state but
the feedback mechanism is deactivated.

[066] The level shifting stage 902 may include a first pull-up sub-circuit; a
second pull-up sub-circuit coupled to the ﬁrst‘pull-up sub-circuit; a first pull-down
sub-circuit coupled to the first pull-sup sub-circuit; and a second pull-down:
sub-circuit coupled to the second pull-up sub-circuit.

[067] In various embodiments, the first pull-down sub-circuit may include a first
pull-down high-threshold voltage transistor 922a. The first pull-down sub-circuit may
also include a first pull-down low-threshold voltage transistor 922b coupled to the
first high-threshold voltage transistor 922a. The first pull-down sub-circuit may
include a first pull-down high-threshold voltage transistor 922a and a first pull-down
low-threshold voltage transistor 922b sequentially coupled to the first pull-down
high-threshold voltage transistor 922a.

[068] The second pull-down sub-circuit may include a second pull-down
high-threshold voltage transistor 922¢. The second pull-down sub-circuit may also
include a second pull-down low-threshold voltage transistor 922d coupled to the first
high—threshold voltage transistor 922c. The second pull-down sub-circuit may include
a second pull-down high-threshold voltage transistor 922¢ and a second pull-down
low-threshold voltage transistor 922d sequentially coupled to the second pull-down
high-threshold voltage transistor 922c. |

[069] The level shifting stage may include mixed threshold voltage (Vt)
componenté to tolerate the IO voltage while maintaining performance. In various
embodiments, the first input voltage and the second input voltage may be
sub-threshold voltages. For instance, the first input voltage and the second input
voltage may be any value in the range of 0.2 to 0.5 V, e.g. 0.3 to 0.4 V. The first

reference voltage and/or the second reference voltage may be 1/O voltages. For
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instance, the first reference voltage may be any value in the range of 2to 4 V, e.g. 2 to

3.3V, e.g. 3.0V. The second reference voltage may be at ground (0 V). In various
alternate embodiments, the first reference voltage may be at ground and the second
reference voltage may be any value in the range of 2t0 4 V,e.g. 2t03.3 V,e.g. 3.0 V.
The output voltage may thus be a /O voltage. Mixed threshold components may réfer
to the inclusion of transistors or other cdmponents have different voltages in the same
circuit arrangement. For instance, as shown in FIG. 9, the circuit arrangement may
include traﬁsistors having different threshold voltages.
[070] In various alternate embodiments, the first reference voltage and/or the
second reference voltage may be core voltages. One or both of the first reference
voltage and the second reference voltage may be any value in the range of 0.6 V to 2
V,eg 0.6 Vto 1.8 V,e.g. 1.2 V. The output voltage may be a core voltage. The input
voltages, i.e. the first and second input voltages may be sub-threshold voltages. In
various embodiments, circuit arrangerhents configured to shift sub-threshold voltages
to core voltages may not require mixed threshold voltage components.
[071] In various embodiments, the first pull-down high-threshold voltage
transistor 922a and/or the second pull-down high threshold voltage transistor 922c¢
may have a threshold voltage of any value in the range 0of 3t0 3.5V, e.g. 3.3 V. The
first pull-down low-threshold voltage transistor 922b and/or the second pull-down low
threshold voltage transistor 922d may have a threshold voltage of any value in the
rangeof 1.5t02 V,e.g. 1.8 V.
[072] In various embodiments, the first pull-down high-threshold voltage
transistor 922a may include a control electrode, a first controlled electrode and a
second conirolled electrode. In various embodiments, the ﬁrsf pull-down
“low-threshold voltage transistor 922b may include a control electrode, a first
“controlled electrode and a second controlled electrode. -

[073] In various embodiments, the second pull-down high-threshold voltage

transistor 922¢ may include a control electrode, a first controlled electrode and a



WO 2014/200429 PCT/SG2014/000257

26 .
second controlled electrode. In various embodiments, the second pull-down

low-threshold voltage transistor 922d may include a control electrode, a first
controlled electrode and a second controlled electrode.

[074] The second controlled electrode of the first pull-down high-threshold
voltage transistor 922a may be coupled to the first controlled electrode of the first
pull-down low-threshold voltage transistor 922b. The second controlled electrode of
the second pull-down high-threshold voltage transistor 922¢ may be coupled to the
first -controlled electrode of the second pull-down low-threshold voltage transistor
922d.

[075] The first input electrode 904 may be coupled to the control electrode of the
first pull-down high-threshold voltage transistor 922a and the control electrode of the
first pull-down low-threshold voltage transistor 922b. The second iﬁput electrode 906
‘may be coupled to the controi electrode of the second pull-down high-threshéld
- voltage transistor 922c¢ and the cdntrol electrode of the second pull-down
low-thfeshold voltage transistor 922d. |

- [076]  In various embodiments, the first pull-up sub-éircuit may include a first
pull-up high-threshold voltage transistor 924a having a control electrode, a first
| controlled electrode and a second controlled electrode. The second pull-up sub-circuit
may include a second pull-up high-threshold Voltagé transistor 924b having a control
electrode, a first controlled electrode and a second controlled electrode. The first
pull-up high-threshold voltage transistor '924a and/or the second pull-up high
threshold voltage transistor 924b may have a threshold voltage of any value in the
rangeof 3t0 3.5V, e.g. 3.3 V.

[077] In various embodiments, the positions of the first pull-down high-threshold
voltage transistor 922a and the first pull-down low-threshold voltage transistor 922b
in FIG. 9 may be interchanged. Similarly, the positions of the second pull-down
high-threshold voltage transistor 922c¢. and the second pull-down low-threshold

voltage transistor 922d may be interchanged.
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[078] Various embodiments may include circuit arrangements configured to shift

from sub-threshold voltages to core voltages (may be referred to as core voltage
shifting circuit arrangements). In various alternate embodiments, the first pull-up
sub-circuit may include a first pull-up low volfage transistor instead of the first
pull-up high-threshold voltage transistor 924a. The first puil-up low voltage transistor
may also have a having'.a control electrode, a first controlled electrode and a second
controlled electrode. The second. pull-up sub-circuit may include a second pull-up low
voltage transistor instea.d of the second pull-up high-threshold voltage transistor 924b.
The second pull-up voltage transistor may also have a having a control electrode, a
first controlled electrode and a second controlled electrode. The first and second
pull-up low voltage transistors may be coupled to other electrical components in a
similar manner to the first and second pull-up high voltage transistors. References to
the first pull-up high-threshold voltage transistor 924a in the present specification
may instead refer to the first pull-up low-threshold transistor and reference to the
second pull-up high-threshold voltage transistor 924b may instead refer to the second
pull-up low-threshold transistor whenever appropriate. The first and second pull-up
low voltage transistors may be used in circuit arrangements configured to shift
sub-threshold voltages to core voltages. The first input electrode 904 may be coupled
(only) to the control electrode of the first pull-down low-threshold voltage transistor
922b. The second input electrode 906 may be coupled (only) to the control electrode
of the second pull-down low—fhreshold voltége transistor 922d.

[079] In various embodiments, the pull-up transistors, e.g. the first pull-up
high-threshold voltage transistor 924a and the second pull-up high-threshold voltage
transistor 924b, may be p-channel metal oxide semiconductor (PMOS) transistors.
The pull-down transistors, e.g. the first pull-down high-threshold voltage transistor
922a, the second pull-down high-thresho'id voltage transistor 922c, the first pUll-doWn
low-threshold vo]tége transistor 922b, the second pull-down low-threshold voltage

transistor 922d, may be n-channel metal oxide semiconductor (NMOS) transistors. In
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various alterﬁate embodiments, the pull-up transistors may be NMOS transistors and
the pull-down transistors may be PMOS transistors.

[080] In various embodiments, the control electrode of the first pull-up
high-threshold voltage transistor 924a may be coupled to the control electrode of the
second pull-up high-threshold voltage transistor 924b. The first controlled electrode
of the first pull-up high-threshold Volfage transistor 924a may be coupled to the first
- controlled electrode of the first pull-down high-threshold voltage transistor 922-a. The
first controlled electrode of the second pull-up high-threshold voltage transistor 924b
may be coupled to the first controlled electrode of the second pull-down
hi gh-threshold‘voltage transistor 922¢ and the output stage 908. The second controlled
electrode of the first pull-up high-threshold voltage transistor 924a and the second
controlled electrode of the second pull-up high-threshold voltage 924b may be
configured to be coupled to the first reference voltage, e.g. VDD.

[081] In Vaﬁéus alternate émbodiments, e.g. in core voltage shifting circuit
arrangements, the first controlled electrode of the first pull-up low-threshold Voltage
transistor may be coupled to the first controlled elecfrode of the first pull-down
low-threshold véltage transistor 922b. The ﬁrst controlled electrode of the second
pilll-up low-threshold voltage transistor may be coupled to the first controlled
electrode of the second pull-down low-threshold voltage transistor 922d and the
output stagé 908. The second controlled electrode of the first pull-up low-threshold
| Voltagé transistor and the second controlled electrode of the second pull-up
low-threshold voltage may be configured to be coupled to the first reference voltage,
e.g. VDD.

[082] In varidus embodiments, the first controlled electrode of the first pull-up
high-threshold voltage transistor 924a may be coupled to the control electrode of the
first pull-up high-threshold voltage transistor 924a. In various alternate embodiments,
e.g. in core voltage shifting circuit arrangements, the first controlled electrode of the

first pull-up low-threshold voltage transistor may be coupled to the control electrode
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of the first pull-up low-threshold voltage transistor. In various embodiments, the level

shifting stage 902 rhay include a current mirror. In various embodiments, the pull-up
transistors and ‘the pull-dowh transistdrs may be arranged in the current mirror
configuration.

[083] In various embodiments, the feedback circuit 912 may include a feedback
transistor having a control electrode, a first controlled electrode and a second
controlled electrode. The feedback mechanism may include the feedback transistor.
The feedback mechanism may be configured to be activated by activating the
feedback transistor.

[084] The first controlled electrode of the feedback transistor may be coupled to
the second controlled elecfrode of the first pull-down low-threshold voltage transistor
922b. The second controlled electrode of the feedback transistor and the second
controlled electrode of the second pull-down low-threshold voltage transistor 922d
may be configured to be coupled to the second reference voltage, e.g. ground. The
control electrode of the feedback transistor may be coupled to theboutput stage 908.
[085] The switching mechanism 916 may include the first pull-down
low-threshold voltage transistor‘ 922b, the first pull-down high-threshold voltage
transistor 922a and the feedback transistor. The first pull-down low threshold voltage
transistor 922b, the first pull-down high-threshold voltage transistor 922a and the
feedback transistor may be sequentially coupled. The first pull-down low-threshold
voltage transistor 922b and the first pull-down high-threshold voltage transistor. 922a
may be configured to be activated to allow thbe internal current flowing through the
~first pull-down low-threshold voltage transistor 922b, the first pull-down »
high-threshold voltage transistor 922a and the feedback transistor to be above the
predetermined current level when the first input voltage having a first logic state is
applied to the input electrode 904. The feedback transistor may also be activated for
the internal current to be above the predetermined current level.

[086] In various alternate embodiments, e.g. in core voltage shifting circuit
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arrangements, the switching mechanism 916 may include the first pull-down

low-threshold voltage transistor 922b, and the feedback transistor. The first pull-down
- low-threshold voltage trénsistor 922b may be configured to be activated to allow the
internal current flowing through the first pull-down low-threshold voltage transistor
- 922b, and the feedback transistor, to be above the predetermined current level when
the first input voltage having a first logic state is applied to the input electrode 904.
The feedback transistor may also be activated for the internal current to be above the
predétermined current level.

[087] " The feedback transistor may be configured to be deactivated to at least
reduce the internal current flowing through the first pull-down low-threshold voltage
transistor 922b, the first pull-down high—threshold voltage transistor 922a and the
feedback fransistor to below the predetermined current level when the output voltage
(at‘node 910) is-above the predetermined output level. In other words, when the
output voltage at node 910 is above the predetermined dutput level, the feedback
transistor may be deactivated and the internal current may be reduced to below the
predetermined current level.

[088] In various emquiments, the feedback mechanism may be coupled or may
overlap or may be part of the switching mechanism 916. The feedback mechanism
may be configured to override the switching mechanism 916 or remaining sWitching
mechanism 916 (i.e. the first pull-down low-threshold voltage transistor 922b and the
first pull-down high-threshold voltage transistor 922a) to reduce the internal current.
Even when the first pull-down low-threshold voltage transistor and the first pull-down
high-threshold voltage traﬁsistor are activat¢d to allow internal current abdve the
predetermined level to pass through, the deactivation of the feedback transistor may
reduce the.intemal current to below the predetermined level. In other words, the
internal current may be below the predetermined current level even if the first
pull-down low-threshold voltage transistor 922b and the first pull-down

high-threshold voltage transistor 922a are activated but the feedback transistor is



WO 2014/200429 PCT/SG2014/000257

31

deactivated.

[089] In various alternate embodimehts, e.g. in core voltage shifting circuit
arrangementé, the feedback transistor may be configured to be deactivated to at least
reduce the internal current flowing through the ﬁrst'pull—doWn low-threshold voltage
transistor 922b, and the feedback transistor, to below the predetermined current level
when the output voltage (at node 910) is above the predetermined output level.

[090] The output stage 908 rﬁay include a first output inverter 926a having én
input terminal and an output terminal. The output stage 808 may further include a
second output inverter 926b having an input terminal and an output terminal. The
input terminal of the first output inverter 926a may be coupled to the first controlled
electrode of the second pull-up high threshold voltage transistor 924b and the first
controlled electrode of the second pull-down high threshold voltage trapsistor 922c.
The output terminal of the first output inverter 926a may be coupled to the input
terminal of the second‘ inverter 926b and the control electrode of the feedback
transistor. The 6utput terminal of the second output inverter 926b fnaybe coupled to
the output‘ node 910. The first output invefter 926a and the second output inverter
926b may be sequentially coupled.

[091] The feedback transistor may be configured to be deactivated by a {/oltage at
the output terminal of the first output inverter 926a when the output voltage is above
the predetermined output l-ével. When the output voltage at output node 910 is above
the predetermined level, the voltage at the output terminal of the first output inverter
926a may be low. The low voltage at the output terminal of the first output inverter
926a may deactivate the feedback transistor.:

[092] In various embodiments, the voltage stabilization circuit 914 may include a
switch transistor 928 having a control electrode, a first controlled electrode and a
second controlled electrode. The voltage stabilization circuit 914 may further include
é biasing circuit comprising one or more sequentially coupled biasing elements (e.g.

biasing elements 930a, 930b, 930c), the biasing circuit having a first end coupled to
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the switching transistor 928 and a second end coupled to the control electrode of the
first pull-up high threshold voltage transistor 924a and the control electrode of the
second pull-up high threshold voltage transistor 924b.

[093] In various alternate émbodiments, e.g. in coré voltage shifting circuit
arrangements, the biasing circuit may have a first end coupled to the switching
transistor 928 and a second end coupled to the control eleétrode of the first pull-up
low threshold voltage transistor and the control electrode of the second pull-up low
threshold voltage transistor.

[094] The control electrode of the switch transistor 928 may be coupled to the
first input electrode 904. The first controlled electrode of the switch transistor 928
may be coupled to the biasing circuit. The second controlled electrode of the switch
transistor 928 may be coupled to the second reference voltage. The switch transistor
928 may be configured to be activated when the first input voltage is in the first logic
state.

[095] The one or more sequentially biasing elements, e.g. 930a, 930b, ‘930c, may
be biasing transistors. The one or more sequentially biasing elements may include a
biasing transistor 930a at the second end of the biasing circuit. The biasing transistor
930a may include a control electrode, a first controlled electrode and a second
controlled electrode. The control electrode of the biasing transistor 930a may be
coupled to a first controlled electrode of the biasing transistor 930a. The control
electrode of the biasing transistor 930a (and the first controlled electrode of the
biasing transistor 930a) may be further coupled to the control electrode of the first
| pull-up high-threshold voltage transistor 924a and the control electrode of the second
pull-up high-threshold voltage transistor 924b.

[096] In various élternate embodiments, e.g. in core voltage shifting circuit
arrangemerits,v the control electrode of the biasing transistor 930a (and the first
controlled electrode of the biasing transistof 930a) may be further coupled to the

control electrode of the first pull-up low-threshold voltage transistor and the control
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electrode of the second pﬁll-up low-threshold voltage transistor.
[097] The biasing transistor 930a may be configured to be at least be partially
activated when the reduction of the internal current causes a voltage at the control
electrode of the first pull-up high-threshold voltage transistor 924a and the control
electrode of the second pull-up high-threshold transistor 924b (or a voltage at the
control electrode of the first pull-up low-threshold voltage transistor and the control
gate of the second pull-up Iow-thrcshold transistor) to faﬂ outside a predetermined
range fromb the second reference voltage, so that the voltage at the control electrode of
the first pull-up high-threshold voltage transistor 924a and the control electrode of the
second pull-up high-threshold voltage transistor 924b is maintained at a predefined
voltage or shifted to be within the predetermined range from the second réference
voltage. |
[098] The one or more sequentially biasing elements inay include a further
biasing transistor 930c at the second end of the Biasing circuit. The further biasing
transistor 930c may include a control electrode, a first controlled electrode and -a
second controlled electrode. The control electrode of the further biasing transistor
930c may be coupled to a first controlled electrode of the further biasing transistor
930c. The second controlled electrode of the further biasing transistor 930¢ may be
further coupled to switch transistor 928, i.e. the first controlled electrode of switch
transistor 928. |
[099] The one or more sequentially biasing elements may include one or more
intervening biasing transistors 930b between the biasing transistor 930a and the
further biasing transistor 930c. For instance, intervening biasing transistor 930b may
include ab control electrode, a first controlled electrode and a second controlled
electrode. The control electrode of the intervening biasing transistor 930b may be
coupled to a first controlled electrode of the intervening biasing transistor 930b. The
first controlled electrode of the intervening biasing transistor 930b may be coupled to

the second controlled electrode of the biasing transistor 930a and the second
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controlled electrode of the intervening biasing transistor 930b may be cbupled to the

first controlled electrode of the further biasing transistor 930c. Biasing transistor
930a, 930b, 930c may be configured as diodes may coupling the control electrode of
each transistor to the first controlled electrode.

[0100] = When the internal current is reduced, the voltage at the control electrode of
the first pull-up high-threshold voltage transistor 924a and thve control electrode of the
second pull-up ‘high-threshold voltage transistor 924b may .fall outside a
predetermined range from the reference voltage, e.g. 0 V. The first pull-up
high-threshold voltage transistor 924a and the second pull-up high-threshold voltage
transistor 924b may be partially deactivated or deactivated, thus causing the output
voltagé to fall, e.g. below the predetermined level. The voltage stabilization circuit
914 may be configured to maintain the output voltage above the predetermined level
by shifting the voltage at the control electrode of the first pull-up high-threshold
voltage transistor 924a and the control electrode of the second pull-up high-fhreshold
voltage transistor 924b to be at the predefined voltage or within fhe predetermined
range from the second reference voltage and activating the first pull-up high-threshold
voltage transistor 924a and the second pull-up high-threshold voltage transistor 924b.
The switching transistor 928 may be activated when the first input voltage is at the
first logic state. When the first input voltage is at the first logic state, the output
voltage at the output node 910 may be above the predetermined level. The feedback
circuit 912 may be deactivated, causing the ’intemal current to fall below the
predetermined current level and the voltage at the control electrode of the first pull-up
high-threshold voltage transistor 924a and the control electrode of the second pull-up
high-threshold voltage transistor 924b to fall outside a predetermined range from the
second reference voltage; As the voltage at the control electrode of the first pull-up
high-threshold voltage transistor 924a and the .control electrode of the second pull-up
high-threshold voltage transistor 924b falls outside a predetermined range from the

reference voltage, the biasing transistors 930a, 930b, 930c may be activated. A
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biasing current may flow through the voltage stabilization circuit 914 and the voltage

at the control electrode of the first pull-up high-threshold voltage transistor 924a and
the control electrode of the second pull-up high—threshold voltage transistor 924b may
be maintained at a predefined voltage or be shifted within the predetermined range
from the second reference voltage. The first pull-up high-threshold voltage transistor
924a and second pull-up high-threshold voltage transistor 924b may be activated or
may be actfvated sufficiently such that the output voltage is above the predetermined
output level. |

[0101]  Various embodiments including the feedback transistor may reduce or solve
the charge sharing problem. The feedback transistor 912 (e.g. a NMOS transisfor) may
be arranged between the second reference voltage and the input transistor (e.g.
transistor 922b). As a result, the delay and power consumption may be improved. For 0
— 1 transition, the input transistor may be turned on or be activated, generating a mirror
current above é predetermined current level through transistor 924b. After the internal
output node A is charged to high, the inverted output at the output terminal of inverter
926a may be feedback to deactivate the feedback transistor 912, which may reduce or
eliminate the static current as well as reduce the standby power consumption. However,
this may lead to a significant reduction in the current through transistor 924b and cause
a drop at internal node A (as well as the outpuf voltage at node 910). An
input-controlled diode chain (which may also be referred to as voltage stabilizaﬁon
circuit 914) may be used to keep the voltage at node I sufficiently low for maintaining
the output voltage above the predetermined level or full VDD. The voltage at node I
may be controlled by the threshold voltage of the diode-connected NMOS transistor
928 and the number of stacked NMOS transistors 930a, 930b, 930c. Compared to
directly pulling node I to ground, the inclusion of the stacked transistors 930a, 930b,
930c may coﬁsume less energy and may make it easier for the subsequent 1 -0
transition which leads to further reduction in delay and reduction in energy

consumption. Due to the diode and stacking effects, the leakage through the diode chain



WO 2014/200429 PCT/SG2014/000257

36

may be extremely low and the resultant standby current may be negligible. For 1 — 0

: tranéition, the feedback transistor 912 may be activated or turned on but transistor 922b
is deactivated or turned off so there is no charge sharing between node I and other
nodes. Therefore, both delay and power consumption may be reduced compared to the
level shifter shown in FIG. 4.

‘ t0102] Various embodiments shown in FIG. 9 have been simulated using a 0.18 ym
CMOS process technology where the threshold is around 0.46V. For comparison, the
level shifter shown in FIG. 4 is also implemented using the same process technology
and optimized for performance and power through repetitive sizing and simulation. In
the simulatioﬁ setup. In the simulation setup, the input of the level shifters is generated
using a minimum size buffer to acquire the real slope for the corresponding input VDD.
The output is connected to a 100fF capacitor.

[0103] FIG. 10 is a graph 1000 showing the transient behaviour of the circuit
arrangement. illustrated in FIG. 9 according to various embodiments and the level
shifter illustrated in FIG. 4. 1002 shows the variation of the input voltages to both the
circﬁit énangement shown in FIG. 9 and the level shifter illustrated in FIG. 4. 1004
shows the output voltage of the circuit arrangement shown in FIG. 9. 1006 shows the
output voltage of the level shifter shown in FIG. 4. Both level shifters are able to shift
the sub-threshold voltage level (VDDL = 0.3 V) to core voltage level (VDD = 1.8V).
However, the level shifter illustrated in FIG. 4 does not reach full VDD (1.8 V) dueto
disabled source current path as discussed earlier. The circuit arrangement shown in FIG.
9 may be able to address this through the input-controlled diode chain. By keeping node
A at an intermediate voltage between the first reference voltage (VDD) and the second
reference voltage (ground), the circuit arrangement may be able to maintain the output

“at full VDD without increasing delay and energy consumption for the next transition.
[0104] FIG. 11 is a graph 1100 showing the fall transition of the circuit arrangement
illustrated in FIG. 9 according to various embodiments and the level shifter illustrated

in FIG. 4 at the internal output nodes. 1102 shows the variation of the input voltages to
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“both the circuit arrahgement shown in FIG. 9 and the level shifter illustrated in FIG. 4.

1104 shows the variation of the voltage at internal node A of the circuit arrangement
shown in FIG. 9. 1106 shows the voltage at internal output node of the level shifter
shown in FIG. 4. The voltage of the level shifter shown in FIG. 4 exhibits a flat band
1108 in the middle of the fall transition due to the charge sharing problem discussed
above. This may cause both increased delay and energy consumption. In the circuit
arrangement shown in FIG. 9, this problem may be addressed or solved by using
NMOS-baéed feedback transistor 912 and pla_cing the feedback transistor 912 between
vinput transistor 922b and the second reference voltage (ground). As a result, the charge
sharing may be reduced or eliminated and the fall transition may become faster and
.mo‘re energy efficient.

[0105] FIG. 12 is a table 1200 showing simulation results of the delay and energy
comparison of the circuit arrangement illustrated in FIG. 9 according to various
embodiments and the level shifter illustrated in FIG. 4 at different VDD. The input

voltage (VDDL) may be fixed at 0.3 V and the first reference voltage (VDD) may be

- varied from 0.6 V to 3.3 V. Both level shifters may operate for VDDL = 0.2 V, but

VDDL = 0.3 V is selected because it is interesting for most applications with required
clock frequencies from kHz to MHz range. Column 1202 shows the input voltéges,
column 1204 shows the characteristics of the level shifter shown in FIG. 4 while
column 1206 shows the characteﬁstic;s of the circuit arrangement illustrated in FIG. 9.
~ As shown in table 1200, the circuit arrangement illustrated in FIG. 9 has better deiay
and energy consumption compared to the level shifter shown in FIG. 4. The
improvements in delay, active energy and leakage power are up to 4X, 3X and 18X
respectively. In addition, the level shifter shown in FIG. 4 may fail to work for VDD
above 1.8 V while the circuit arrangement shown in FIG. 9 is able to operate up to 3.3 V.
At 3.3 V, the delay of the circuit arrangement shown in FIG. 9 is 164 ns, and the active
' enérgy per transition and the leakage power are 891 fJ and 842 pW respecti{/ely.

[0106] FIG. 13 is a table 1300 comparing simulation results of the circuit
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arrangement illustrated in FIG. 9 according to various embodiments with the level

shifters shown in FIGS. 3, 4, 6 and 7. It is noted that the compared level shifters are
implemented using different technologies, so their delay are repfesented using FO4
delay which represents the typical delay of the used technology at input voltages (input
 VDD) rather than absolute delay values. This method is also used for the level shifter
shown in FIG. 6 for delay comparison. As shown in table 1300, the circuit arrangement
shown in FIG. 9 has the smallest delay, active energy and Iéakage power among the
various level shifters. It also shows small delay variability under PVT variations.
[0107]  FIG. 14 shows a schematic 1400 illustrating a method of operating a circuit
arrangement. The method may include in 1402, coupling a level shifting stage to a first
reference voltage and a second reference voltage. The method may also include, in |
1404, coupling a first input voltage to a first input electrode in electrical connection
with the level shifting stage. The first input {/oltage may be configured to switch
between a first logic state and a second logic state. The method may further include, in
1406, coupling a second input voltage to a second input electrode in electrical
connection with the level shifting stage. The second input voltage may be configured to
switch between the first logic state and the second logic state. The level shifting stage
may be coupled to an output stage. The output stage may include an output node. The
level shifting. stage may be configured to generate an output voltage above a
predetermined output level at the output node due to the first reference voltage when
the first input voltage is in the ﬁrét logic state and the second input voltage is in the
second logic state. The level shifting stage may be further configured to generate the
output voltage below the predetermined output level at the output node due to the
second reference voltage when the first input voltage is in the second logic state and the
second input voltage is in the first logic state. A feedback circuit may be coupled to the
output stage and the level shifting stage. A voltage stabilization circuit may be coupled
to the level shifting stage. The level éhiﬂing stage may include a switching mechanism

configured to cause an internal current above a predetermined current level to flow
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through the level shifting stage due to the first reference voltage and the second

reference voltage when the switching mechanism is activated. The switching:
mechanism may be further configured to at least reduce the internal current flowing
through the level shifting stage to below the predetermined current level when the
switching mechanism is deactivated. The feedback circuit may include a feedback
mechanism configured to be deactivated when the output voltage is above the
predetermined output level ahd‘the feedback mechanism is further configured to be
activated when the output level is below the predetermined output level. The switching
mechanism may be configured to be activated when the first input voltage is in the first
logic state and when the feedback mechanism is activated. The switching mechanism
may be further configured to be deactivated when the first input voltage is in the first
logic state and when the feedback mechanism is deactivated. The voltage stabilization
circuit may be configured to maintain the output voltage at above the predetermined
output level when the internal current flowing through the level shifting stage is
reduced.

[0108])  Various embodiments include a fast and energy-efficient level shifter with
shifting range from sub-threshold to 1O voltage level. Various embodiments may solve
the standby current and charge sharing problems in eonventional cunent-miﬁor based
level shifters by using a novel feedback mechanism with input-controlled diode chain.
Simulations at 0.18 im shows that various embodiments may show significantly better
delay and power consumption than state-of-the-art level shifters with similar or less
area. .For instance, compared with the current-mirror based level shifter shown in FIG.
4, the improvements in delay, active energy, and leakage may be up to 4X, 3X, 18X
respectively. Various embodiments may be suitable fof low power analog or digital
systems where multiple voltage domains exist.

[0109] = Methods described herein may further contain analogous features of any
device or circuit arrangement described herein. Correspondingly, devices or circuit

arrangement described herein may further contain analogous features of any methods
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described herein.

[0110] Whilé the invention has been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from
the spirit-and scope of the invention as defined by the appended claims. The scope of
the invention is thus indicated by the appended cléims and all changes which come
within the meaning and range of equivalency of the claims are therefore intended to

be 'emb_raced.
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CLAIMS

1. A circuit arrangement comprising:
a level shifting stage configured to be coupled to a first reference voltage and
a second reference voltage;
a first input electrode in electrical connection with the level shifting stage for
coupling a first input voltage, the first input voltage configured to switch
between a first logic state and a second logic state;
a second input electrode in electrical connection with the level shifting stage
for coupling a second input voltage, the second input voltage configured to
switch between the first logic state and the second logic state; |
an output stage coupled to the level shifting stage, the output stage
comprising an output node, the level shifting stage configured to generate an
output voltage above a predetermined output level at the output node due to
the first reference voltage when the first input voltage is in the first logic state
and the second input Voltage is in the second logic state; and wherein the
level shifting stage is further configured to generate the output voltage below
the predetermined output level at the output node due to the second reference
voltage when the first input voltage is in the second logic state and the
second input voltage is in the first logic state;
a feédback circuit coupled to t_hé output stage and the level shifting stage; and
a voltage stabilization circuit coupled to the level shifting stage;
wherein the level shifting stage compri.ses a switching mechanism configured
to cause an internal current abové a predetermined current level to flow
through the level shifting stage due to the first reference voltage and the
second reference voltage when the switching mechanism is activated, the

switching mechanism further configured to at least reduce the internal current
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flowing through the level shifting stage to below the predetermined current

level when the switching mechanism is deactivated,;

wherein the feedback circuit comprises a feedback mechanism configured to
be deactivated when the output voltage is above the predetermined output
level, and the feedback mechanism is further configured to be activated when
the output level is below.the predetermined output level,;

wherein the switching mechanism is configured to be activated when the first
input voltage is in the first logic state and when the feedback méchanism is
activated; and wherein the switching mechanism is further configured to be
deactivated when the first input voltage is in the first logic state and when the
feedback mechanfsm is deactivated;

and

wherein the voltage stabilization circuit is configured to maintain the output
voltage at above the predetermined output level when the internal current

flowing through the level shifting stage is reduced.

2. The circuit arrangement according to claim 1,
wherein the switching mechanism is configured when activated to generate

the output voltage above the predetermined output level at the output node.

3. The circuit arrangement according to claim 1,
further comprising an input inverter haVing an input terminal and an output
terminal, the input terminal coupled to the first input electrode and the output

terminal coupled to the second input electrode.

4. The circuit arrangement according to claim 1,
wherein the level shifting stage comprises

a first pull-up sub-circuit;
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a second pull-up sub-circuit coupled to the first pull-up sub-circuit;
a first pull-down sub-circuit coupled to the first pull-sup sub-circuit; and

a second pull-down sub-circuit coupled to the second pull-up sub-circuit.

5. The circﬁit arrangement according to claim 4;

wherein the first pull-down sub-circuit comprises:
a first pull-down high-threshold voltage transistor; and
a first pull-down low-threshold voltage transistor coupled to the first
high-threshold voltage transistor; and

wherein the second pull-down sub-circuit comprises:
a second pull-down hi gh-threshold voltage transistor; and
a second pull-down low-threshold voltage transistor coupled to the first

high-threshold voltage transistor.

6. The circuit arrangement according to claim 5,
wherein the first pull-down high-threshold voltage transistor hés a control
electrode, a first controlled electrode and a second controlled electrode;
wherein the first pull—dowh low-threshold voltage transistor has a control
electrode, a first controlled electrode and a second controlled electrode;
wherein the second pull-down high-threshold voltége transistor has a control
electrode, a first controlled electrode and a second controlled electrode;
wherein the second pull-down low-threshold voltage transistor has a control
electrode, a first controlled electrode and a second controlled electrode;
wherein the second controlled electrode of the first pull-down high-threshold
Voltage transistor is coupled to the first controlled electrode of the first

pull-down low-threshold voltage transistor; and
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wherein the second controlled electrode of the second pull-down
high-threshold voltage transistor is coupled to the first controlled electrode of
the second pull-down low-threshold voltage transistor;

wherein the first input electrode is coupled to the control electrode of the first
pull-down high-threshold voltage transistor and the control electrode of the
first pull-down low-threshold voltage transistor; and

wherein the second input electrode is coupled to the control electrode of the
second pull-down high-threshold voltage transistor and the control electrode

of the second pull-down low-threshold voltage transistor.

7. The circuit arrangement according to claim 6,
wherein the first pull-up sub-circuit comprises:
a first pull-up high—threshdld voltage transistor having a control
electrode, a first controlled electrodé and a second controlled elecfrode;
and
wherein the second pull-up sub-circuit compriées:
a second pull-up high-threshold voltage transistor having a control

electrode, a first controlled electrode and a second controlled electrode.

8. The circuit arrangement according to claim 7,
wherein the control electrode of the first pull-up high-threshoid voltage
transistor is coupled to the control electrode of the second pull-up
hi gh-threshold voltage transistor;
wherein the first controlled electrode of the first pull-up high-threshold
voltage transistor is coupled to the first controlled electrode of the first

pull-down high-threshold voltage transistor;
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wherein the first controlled electrode of the second pull-up high-threshold

voltage transistor is'coupled to the first controlled electrode of the second ,
pull-down high-threshold voltage transistor and the output stage;

wherein the second controlled electrode of the first pull-up high-threshold
voltage transistor and the second controlled electrode of the second pull-up
high-threshold voltage are configured to be coupled to the first reference

voltage.

9. The circuit arrangement according to claim 8,
wherein the first controlled electrode of the first pull-up high-threshold
voltage transistor is coupled to the control electrode of the first pull-up

high-threshold voltage transistor.

10. The circuit arrangement accofding to claim 9,
wherein the feedback circuit comprises a feedback transistor having a control
electrode, a first controlled electrode and a secohd controlled electrode; and
wherein the feedback mechanism is configured to be activated by activating

the feedback transistor.

11. The circuit arrangement according to claim 10,
wherein the first controlled electrode of the feedback transistor is coupled to
the second controlled electrode of the first pull-down low-threshold voltage
transistor; and
wherein the second controlled electrode of the feedback transistor and the
second controlled electrode of the second pull-down low-threshold voltage
transistor are confi gure(_i to be coupled to the second reference voltage; and
wherein the contfol, electrode of the feedback transistor is coupled to the

output stage.
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12. The circuit arrangement according to claim 11,
wherein the switching mechanism comprises the first pull-down
low-threshold voltage transistor, the first pull-down high-threshold voltage
transistor and the feedback transistor;
wherein the first pull-down low-threshold voltage transistor and the first
pull-down high-threshold voltage transistor are configured to be activated to
allow thé ihternal current flowing through the first pull-down low-thresho_ld
voltage transistor, the first pull-down high-threshold voltage transistor and
the feedback transistor to be above the predetermined current level when the
first input voltage having a first logic state is applied to the input electrode;
and
wherein the feedback transistor is configured to be deactivated to at least
reduce the internal current flowing through the first pull-down low-threshold
voltage transistor, the first pull-down high-threshold voltage transistor and
the feedback transistor to below the predetermined current level when the

output voltage is above the predetermined output level.

- 13. The circuit arrangement according to claim 12,
| wherein the output stage comprises

a first output inverter having an input terminal and an output terminal;
and

‘a second output inverter having an input terminal and an output terminal;
wherein the input terminal of the first output inverter is coupled to the first
controlled electrode of the second pull-up high threshold voltage transistor
and the first controlled electrode of the second pull-down high threshold

voltage transistor;



WO 2014/200429 , PCT/SG2014/000257

47
wherein the output terminal of the first output inverter is coupled to the input

terminal of the second inverter and the control electrode of the feedback
transistor; and
wherein the output terminal of the second output inverter is coupled to the

output node.

14. The circuit arrangement according to claim 13,
wherein the feedback transistor is configured to be deactivated by a voltage
at the output terminal of the first output inverter when the output voltage is

~above the predetermined output level.

15. The circuit arrangement according to claim 14,
wherein the voltage stabilization circuit éomprises

a switch transistor having a control electrode, a first controlled electrode
and a second controlled electrode; and
a biasing circuit comprising one or more sequentially coupled biasing
elements, the biasing circuit having a first end coupled to the switching
transistor and a second end coupled to the control electrode of the first
pull-up high threshold voltage transistor and the control electrode of the

second pull-up high threshold voltage transistor.

16. The circuit arrangement according to claim 15,
wherein the control electrode of the switch transistor is cdupled to the first
input electrode; |
wherein the first controlled electrode of the switch transistor is coupled to the
biasing circuit; and |
wherein the second controlled electrode of the switch transistor is coupled to

the second reference voltage.
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17. The circuit arrangement according to claim 16,
wherein the switch transistor is configured to be activated when the first

input voltage is in the first logic state.

18. The circuit arrangement according to claim 17,

- wherein the one or more sequentially biasing elements comprises a biasing
transistor at the second end of the biasing circuit, the biasing transistor |
having a control electrode, a ﬁfst controlled electrode and a second
controlled electrode;
wherein the control electrode of the biasing transistor is coupied to the first
controlled electrode of the biasing transistor;
wherein the contrbl electrode of the biasing transistor is further coupled to
the control electrode of the first pull-up high-threshold voltage transistor and |
the control electrode of the seconid pull-up high-threshold voltage transistor;
wherein the biasing transistor is cohﬁgured to be at least be partially
activated when the reduction of the internal current causes a voltage at the
control electrode of the first pull-up high-threshold voltage transistor and the’
control electrode of the second pull-up high-threshold voltage transistor to
fall outside a predetermined fange from the second reference voltage, so
that the voltage at the control electrode of the first pull-up high-threshold
voltage transistor and the control electrode of the second pull-up

high-threshold voltage transistor is maintained at a predefined voltage.v

19. The circuit arrangement according to claim 1,

wherein the level-shifting stage comprises a current mirror.

20. A method of operating a circuit arrangement, the method comprising:
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coupling a level shifting stage to a first reference voltage and a second

reference voltage;

coupling a first input voltage to a first input electrode in electrical connection
with the level shifting stage, the first input voltage configured to switch
between a first logic state and a second logic state;

coupling a second input voltage to a second input electrode in electrical
connection with the level shifting stage, the second input voltage configured
to switch between the first logic state and the second logic state; |
wherein the level shifting stage is coupled to an output stage, the output stage
comprising an output node, the level shifting stage configured to generate an
output voltage above a predetermined output level at the output node due to
the first reference voltage when the first input voltage is in the first logic state
and the second input voltage is in the second logic state; and the level
shifting stage is further configured to generate the output voltage below the .
predetermined output level at the outpilt node due to the second reference
voltage when the first input voltage is in the second logic state and the
second input voltage is in the first logic state;

wherein a feedback circuit is coupled to the oufput stage and the level
shifting stage;

wherein a voltage stabilization circuit is coupled to the level shifting stage;
wherein the level shifting stage comprises a switching mechanism configured
to cause an internal current above a predetermined current level to flow
through the level shifting stage due to the first reference voltage and the
second referehce voltage when the switching mechanism is activated, the
switching mechanism further configured to at least reduce the internal current
flowing through the level shifting stage to below the predetermined current

level when the switching mechanism is deactivated;
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wherein the feedback circuit comprises a feedback mechanism configured to

be deactivated when the output voltage is above the predetermined outpiit_
level and the feedback mechanism is further configured to Be activated when
the output level is below the predetermined output level;

wherein the switching mechanism is configured to be activated when the first
input voltage is in the first logic state and when the feedback mechanism is
activated; and the switching mechanism is further configured to be
deactivated when the first input voltage is in the first logic state and when the
feedback mechanism is deactivated;

and

wherein the voltage stabilization circuit is configured to maintain the output
voltage at above the predetermined output level when the internal current

flowing through the level shifting stage is reduced.



